Formaldehyde, acetaldehyde, and acrolein are well-known upper respiratory tract irritants and occur simultaneously as pollutants in many indoor and outdoor environments. The upper respiratory tract, and especially the nose, is the prime target for inhaled aldehydes. To study possible additive or interactive effects on the nasal epithelium we carried out 1-and 3-day inhalation studies (6 hr/day) with formaldehyde (1.0,3.2, and 6.4 ppm), acetaldehyde (750 and 1500 ppm), acrolein (0.25, 0.67, and 1.40 ppm), or mixtures of these aldehydes, using male Wistar rats and exposure concentrations varying from clearly nontoxic to toxic. The (mixtures of) aldehydes were studied for histopathological and biochemical changes in the respiratory and olfactory epithelium of the nose. In addition, cell proliferation was determined by incorporation of bromodeoxyuridine and proliferating cell nuclear antigen expression. Effects were primarily observed after 3 days of exposure. Histopathological changes and cell proliferation of the nasal epithelium induced by mixtures of the three aldehydes appeared to be more severe and more extensive in both the respiratory and the olfactory part of the nose than those observed after exposure to the individual aldehydes at comparable exposure levels. As far as nasal histopathological changes and cell proliferation are concerned neither dose addition nor potentiating interactions occurred at no-toxic-effect levels, except for a possible potentiating effect of acetaldehyde at noneffect levels. The results did not indicate a major role for aldehyde dehydrogenases in the biotransformation of the aldehydes studied. Activities of glutathione S-transferase and glutathione reductase after 3 days of exposure to acrolein, alone or in combination with formaldehyde and acetaldehyde, were depressed whereas the glutathione peroxidase activity was elevated. No decrease of nonprotein sulphydryl levels were observed. These findings suggest that, for no-toxic-effect levels, combined exposure to these aldehydes with the same target organ (nose) and exerting the same type of adverse effect (nasal cytotox-
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Human beings are simultaneously or sequentially exposed to a large number of air pollutants. There exists some uncertainty about the extent to which the combined toxicity of these compounds has to be taken into account and the way in which this has to be reflected in regulations for the individual compounds. Of special concern are those cases in which exposure to a certain mixture can result in a more than additive adverse effect compared to the sum of the effects of the single compounds of the mixture. As reviewed by Krishnan and Brodeur (1991) , a number of studies have reported that exposure to (binary) mixtures resulted in both supra-additive (synergism, potentiation, more than addition) and infra-additive (antagonism, weakening, less than addition) effects compared to the sum of the effects of the individual compounds. Interactions of air pollutants can take place at the exposure phase (physicochemical interactions), at the kinetic phase (absorption, distribution, metabolism, and excretion), or at the dynamic phase (receptor competition), and the identification of an interaction between two or more chemicals is highly dependent on the endpoints measured.
However, in the majority of studies on combined exposure the dose levels used exceeded those normally encountered in the environment. Therefore, studies on combinations of pollutants using concentrations around the no-observed-effect level (NOEL) are needed. In the present study combined exposure to aldehydes was investigated. Aldehydes belong to a group of air pollutants that are omnipresent and are among the most potent sensory irritants (Alarie, 1973) . Because of their structural similarities aldehydes show similar biotransformation pathways, i.e., oxidation by aldehyde dehydrogenase and/or conjugation with glutathione or thiolcontaining groups. The upper respiratory tract, especially the nose, is known to be the prime target for inhaled aldehydes. Some are able to induce squamous cell carcinomas in rodents (Swenberg et ai, 1980; Woutersen et ai, 1984 : Feron et ai, 1988 . On the basis of their similar mode of action one might speculate that at least at concentrations around the minimumobserved-effect level (MOEL) dose addition for mixtures may be applied and a competition model should be used to describe dose-effect relationships. Indeed, formaldehyde and acrolein have been shown to be competitive agonists for trigeminal nerve receptors in the upper respiratory tract (Kane and Alarie, 1978; Babiuk et al, 1985) . In addition, there is also some evidence that coexposure of formaldehyde and acrolein at relatively high concentrations results in supra-additive effects due to glutathione depletion in nasal mucosa by acrolein (Lam et al, 1985) .
In spite of their similar mode of action there are clear regional differences in cytotoxicity and tumor formation induced by aldehydes which might be explained by differences in physical properties and metabolism. For example, formaldehyde and acrolein act primarily on the anterior part of the nose (Feron et al, 1978; Leach et al, 1987; , whereas acetaldehyde has been reported to act mainly on the posterior part (Appelman et al., 1982; Woutersen et al., 1984) . Due to these regional differences it is unknown whether combined exposure of aldehydes will lead to increased toxicity compared to exposure to the single compounds.
The aim of the present study was to investigate possible additive or interactive effects of formaldehyde, acetaldehyde, and acrolein with respect to cell proliferation and biochemical and histopathological changes of the nasal epithelium in various sites of the nose. For this purpose, rats were exposed for 1 or 3 days to mixtures of these aldehydes at clearly nontoxic to toxic airborne concentrations.
MATERIALS AND METHODS
Chemicals. Paraformaldehyde, acetaldehyde, and acrolein were obtained from Janssen Chimica (Beerse, Belgium). Monoclonal anti-proliferating cell nuclear antigen (DAKO-PCNA, PC 10) and anti-BrdU (bromodeoxyuridine) were purchased from DAKO A/S (Glostrup, Denmark) and Becton-Dickinson (San Jose, CA), respectively. BrdU was obtained from Sigma (St. Louis, MO). Chemicals for enzyme assays were obtained from Boehringer-Mannheim (Germany). All chemicals were of analytical grade.
Animals and maintenance.
Albino, male Wistar rats (Crl[WI]Wu Br), 8 weeks old, were obtained from a colony maintained under SPF conditions at Charles River WIGA (Sulzfeld. Germany). Animals were randomly assigned to groups. During the acclimation period of 7 days and during the nonexposure periods, animals were housed under conventional conditions in groups of five each in suspended stainless-steel cages with wire-screen bottom and front. Room temperature was maintained at 22 ± 2°C and relative humidity at 40-70% with a 12-hr light/dark cycle. The rats were fed the institute's cereal-based rodent diet. Food and tap water were available ad libitum during nonexposure periods.
Exposures. Rats were exposed for 6 hours a day, either on I day or on 3 consecutive days, in a nose-only inhalation chamber as previously described (Cassee and Feron, 1994) . Control groups were exposed to clean filtered air. Formaldehyde atmosphere was generated from paraformaldehyde solutions in water after thermal depolymerization and subsequent evaporation of this solution into the main airstream. Acetaldehyde and acrolein were directly evaporated into the main airstream. Actual concentration of aldehydes was measured semicontinuously at the breathing zone of the rats Formaldehyde concentrations were measured colonmetrically by an online formaldehyde analyzer (Model 9400, Skalar, Breda, The Netherlands). Acetaldehyde was determined by a flame ionization detector (Model RS55, Ratfisch Instruments, Munich, Germany). Acrolein was determined gas chromatographically (GC6000, Carlo Erba Instruments, Milan, Italy) with a DBI wax column (Chrompack, Vlissingen, The Netherlands) Samples of mixtures were analyzed for acrolein just before and right after exposure.
Experimental design. A total of six short-term inhalation studies in rats was carried out: three range-finding studies with exposure to single aldehydes, and three studies in which rats were exposed to either single aldehydes or combinations of formaldehyde, acetaldehyde, and/or acrolein. Each study had its own control group. Maximum variation in exposure concentrations was 10% for formaldehyde, 6% for acetaldehyde, and 13% for acrolein. The exposure concentrations and the number of exposure days used in the various studies are given in Table 1 .
Autopsy. Animals (five to six rats/group) were anesthetized with Nembutal immediately after the last exposure and killed by exsanguination. The head was removed from the carcass and deskinned. Heads to be used for histopathology or cell proliferation measurements were flushed retrograde through the nasopharyngeal orifice with Carnoys fixative (60% ethanol, 30% chloroform, 10% acetic acid). Thereafter, the heads were immersed in a large volume of the same fixative. After a 24-hr fixation period, heads were decalcified in 10% formic acid for 2-3 days, after which they were rinsed with tap water for at least 4 hr and embedded in paraffin wax. Sections (5 ^m thick) of the nose were prepared at standard cross levels II, III, and/or IV ( Fig.l) Slides for histopathology were stained with hematoxylin and eosin For tissues to be used for biochemical determinations, the skull was split sagittally, thus exposing the nasal cavity. Respiratory and olfactory portions of the nasal epithelium were collected on ice. Tissues of three rats were pooled and, in general, a total of nine rats per group was used for analysis to get triplicates. Directly after removal tissues were frozen in liquid nitrogen and stored at -80°C.
Cell proliferation.
Staining procedures for proliferating cell nuclear antigen (PCNA; five to six rats/group) have been described before (Cassee CA) which were implanted subcutaneously on the dorsum of the rats (five rats/group) between the scapulae 20 hr before autopsy. The reservoirs were filled with 25 mg/ml BrdU in sterile phosphate-buffered saline. For BrdU staining basically the same method was used as for PCNA with an additional preincubation for 1 hr in 1 M hydrochloric acid at 37°C. Cell proliferation data were expressed as the number of positive-stained cells per millimeter basement membrane (unit length labeling index. ULLI: Monticello et al, 1990) of the entire epithelium of both sides of the anterior nasal cavity lining the nasoturbinate, maxilloturbinate, lateral wall, and septum (Figs. IB and 1C) using a morphometric image analyzer. The length of the basement membrane was measured by drawing a line along the basement membrane using a computer program (Colormorph Interactive Image Analysis System. Perceptive Instruments, Haverhill, UK) that converts the length of this line into millimeters taking into account the magnification used.
Enzyme assays and sulphydryl determinations.
Mucosa of the respiratory or olfactory parts of the nose of three rats/group were homogenized on ice in three times the tissue weight of 1.15% Tris-buffered KC1 (containing 1 mM EDTA, pH 7.4) according to a method described by Casanova-Schmitz et al. (1984) . The supernatant fractions were frozen in liquid nitrogen and stored at -80°C. Enzyme activities were assayed as described before (Cassee and Feron, 1994) . Briefly, all determinations were carried out by means of spectrophotometric methods adapted for a Cobas-Bio centrifugal analyzer: glutathione peroxidase (GPx) using cumene hydroperoxide (75 JJM) as a substrate, glutathione S-transferase (GST) using l-chloro-2.4-dinitrobenzene (5 iiM) as a substrate, and glutathione reductase (GR) using oxidized glutathione (1.64 /iM) as a substrate. Aldehyde dehydrogenases were determined according to a method of Uotila and Koivusalo (1981) using a mixture of 55 //A/ formaldehyde and 2.2 mM glutathione (GSH) for formaldehyde dehydrogenase (FDH), and 1.8 mM formaldehyde in the absence of GSH for the nonspecific aldehyde dehydrogenase (ADH). Totalprotein (TPSH) and nonprotein (NPSH) sulphydryl groups were measured according to the method described by Sedlak and Lindsay (1968) .
Statistical analysis. All results are expressed as means ± standard deviation. ANOVA followed by Dunnett's multiple comparison test was used to evaluate the effects on enzyme activities and sulphydryl groups to compare test groups with controls. ULLIs were analyzed with ANOVA followed by the Tukey-Kramer multiple comparison test to compare all groups with each other
RESULTS

General
Appearance and behavior of all animals during and after exposure were essentially normal.
Histopathology
One-day exposure. After 1 day of exposure no treatment-related histopathological nasal lesions were found, except for very small groups of polymorphonuclear leukocytes attached to the epithelium of the naso-and maxilloturbinates and of the lateral wall in each of the rats exposed to Mix-3 (see Table 1 ; data not shown).
Three-day exposure. Site, type, degree, and incidence of nasal lesions observed in rats exposed to the various aldehydes either alone or in combinations for 3 days (6 hr/day) are summarized in Table 2 .
Formaldehyde-induced nasal changes seen in rats of the 3.2 ppm formaldehyde group comprised disarrangement, focal necrosis, thickening, and desquamation of degenerated cells of the respiratory epithelium including the nasal transitional epithelium. In addition, these rats showed basal cell hyperplasia and/or increased numbers of mitotic figures in the nasal respiratory epithelium. These changes mainly and most clearly occurred on the naso-and maxilloturbinates and on the lateral wall at cross level II and/or III; in most of the rats in the 3.2 ppm formaldehyde group the nasal septum at cross level II was also affected. No compoundrelated changes were encountered in the 1.0 ppm formaldehyde group.
"Single-cell necrosis" of the olfactory epithelium seen as increased incidence of pyknosis and karyorhexis was found in several rats exposed to 750 or 1500 ppm acetaldehyde for 3 days. Since condensed and disintegrated nuclei of the olfactory epithelium occasionally are also seen in controls, the toxicological relevance of this finding is somewhat doubtful. Acrolein-induced nasal changes seen in rats exposed to 0.67 ppm of this aldehyde for 3 days were similar in extent and incidence to those observed in rats after 3 days of exposure to 3.2 ppm formaldehyde. However, the site and nature of the changes differed somewhat between acrolein and formaldehyde: acrolein induced more pronounced disarrangement and thickening of the respiratory epithelium than did formaldehyde, and with acrolein there were no or much less clear effects on the septum than with formaldehyde.
Nasal changes in rats exposed to Mix-1 (see Table 1 ) or Mix-2 for 3 days were very similar in site, type, degree, and incidence to those induced by 0.25 ppm acrolein alone. Consequently, the nasal lesions seen in rats exposed to Mix-1 or Mix-2 are considered acrolein-induced effects not influenced by coexposure to formaldehyde or formaldehyde + acetaldehyde.
Pronounced lesions of the nasal respiratory and olfactory epithelium often accompanied by moderate to severe rhinitis (ranging from small groups of polymorphonuclear leukocytes in the lumen to extensive acute exudative and necrotizing inflammation) were observed in rats exposed to Mix-3 for 3 days (Table 2 ; Figs. 2 and 3) . The various types of lesions were always much more marked and more extensive than those found after exposure to the individual aldehydes at comparable concentrations and comparable durations of exposure.
Cell Proliferation
One-day exposure. Compared to the control group, no effects were observed in rats exposed for 1 day either to the single compounds or to the mixtures of aldehydes (data not shown).
Three-day exposure. The mean cell proliferation indices of the epithelium of different sites in the nose are shown in Fig. 4 . Formaldehyde at 1.0 ppm did not result in increased ULLIs, whereas 3.2 ppm formaldehyde resulted in significant increases of ULLIs at cross level II using PCNA as a parameter for cell proliferation. Exposures to 0.25 ppm acrolein resulted in statistically significantly higher ULLIs at cross level II for both PCNA and BrdU labels. Even more pronounced effects on cell proliferation were observed after exposure to 0.67 ppm acrolein. No significantly increased ULLIs were found after exposure to 750 or 1500 ppm acetaldehyde (data not shown).
Exposure to Mix-1 resulted in slightly but significantly increased ULLIs at cross levels II and III, except for those of the naso-and maxilloturbinates at cross level II. The ULLIs are generally lower than for 0.25 ppm acrolein, although this difference is not significant. The increased labeling indices in rats exposed to Mix-1 or Mix-2 are considered acrolein-induced effects influenced by coexposure to formaldehyde or formaldehyde + acetaldehyde. The ULLIs of the Mix-2 group (measured with BrdU and PCNA) are significantly different from the Mix-1 group, except for the effects on the septum (not illustrated). Mix-2 and Mix-3 induced markedly higher ULLIs at both levels for both PCNA and BrdU. No differences in ULLIs could be determined due to exposure to Mix-2 and Mix-3 because most likely peak ULLIs were achieved (e.g., almost all basal cells showed PCNA-stained nuclei or BrdU incorporation in the DNA). In general, the effects at cross level II are more pronounced than those at cross level III and the septum appeared to be less susceptible to acrolein than the other sites examined. PCNA staining resulted in labeling indices about twice as high as those measured with BrdU incorporation. The correlation between BrdU and PCNA was generally good (Table 3) , except for the ULLIs of the nasal septum at cross level HI. In addition, PCNA appeared to be a somewhat more sensitive parameter than BrdU for studying cell proliferation of the nasal epithelium.
Biochemistry
The weight of individual nasal tissues obtained from three rats were 0.16 ± 0.02 and 0.32 ± 0.04 g (« = 80) for respiratory and olfactory epithelia, respectively. The corresponding protein contents of the homogenates were 7.44 ± 0.88 mg/liter and 6.91 ± 0.81 mg/liter, respectively. Treatment-related effects were only found in homogenates of the respiratory epithelium, not in the olfactory epithelium. The NPSH levels and GR activities in homogenates of nasal respiratory epithelium of rats exposed to clean air were approximately 17 //mol/g protein and 200 nmol/min per milligram protein.
One-day exposure. Exposure to 0.25 or 0.67 ppm acrolein and to Mix-3 resulted in significantly decreased GR activities (Fig. 5) . Acetaldehyde exposure resulted in dosedependent NPSH increases (Fig. 6) . None of the exposures affected GST, GPx, or FDH activity.
Three-day exposure. The activities of GST, GPx, ADH, and FDH in S9 homogenates of the respiratory part of the nasal epithelium of rats after 3 days of exposure to aldehydes are summarized in Table 4 . GR activities and sulphydryl levels are plotted in Figs. 5 and 6.
Exposure to 3.2 or 6.4 ppm formaldehyde resulted in increased GPx activities. Acetaldehyde had no significant effect on any of the enzymes studied. Rats exposed to acrolein showed decreased GR, GST, and ADH activities and slightly increased GPx and FDH activities. Similar results were observed for exposures to Mix-2 and Mix-3, except for animals exposed to Mix-2, which showed slightly increased GR levels. The biochemical changes in GST, ADH, and GST in the nasal respiratory epithelium are therefore considered acrolein-induced effects, whereas the effect on GPx is considered to be the result of formaldehyde-and acrolein exposures. A dose-dependent increase of NPSH groups was found after 3 days of exposure to formaldehyde, acetaldehyde, acrolein, Mix-2, or Mix-3 (Fig.6) . Similar, albeit less pronounced, results were found with TPSH (data not shown). The increased NPSH levels after exposure to Mix-3 were less than the summation of the effects found after exposure to the individual compounds.
DISCUSSION
The present study showed regional differences in histopathological changes induced by formaldehyde, acetalde- Cell proliferation measured by PCNA expression or incorporation of BrdU in nasal respiratory epithelium at cross levels II and III of rats exposed to formaldehyde, acetaldehyde, and acrolein or mixtures of these aldehydes. Values are means ± SD of 3-5 rats except for the control group, which comprises 10-12 rats. *p < 0.05; **p < 0.01; ***p < 0.001 relative to control. Abbreviations: see Table 1. hyde, and acrolein. Formaldehyde and acrolein exposures resulted in adverse effects on the respiratory part and acetaldehyde exposures on the olfactory part of the nose, which confirms results reported by Feron et al. (1978 Feron et al. ( , 1984 , Appelman et al. (1982) , Leach et al. (1987) , Zwarte/a/. (1988), and Monticello et al. (1991) .
Histopathological changes of the nasal epithelium induced by Mix-3 (3.2 ppm formaldehyde + 1500 ppm acetaldehyde + 0.67 ppm acrolein) appeared to be more severe and more extensive in both the respiratory and the olfactory parts of the nose than those observed after exposure to the individual aldehydes at comparable exposure concentrations and durations of exposure. This indicates at least partial dose addition of formaldehyde and acrolein with respect to the effect on the respiratory epithelium, because each of the compounds alone affects this epithelium. The findings with Mix-3 also indicate potentiation of the acetaldehyde effect on the olfactory epithelium by acrolein and/or formaldehyde because higher exposure concentrations of acetaldehyde alone are known to induce severe atrophy of the olfactory epithelium Woutersen and Feron, 1987) . However, the relatively severe effect of Mix-3 on the olfactory
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Note. Means of all exposures groups are compared in a linear regression analysis (« = 13). Table I. epithelium may also be due to a higher deposition of the three aldehydes on the olfactory epithelium (and the respiratory epithelium) since the airflow pattern in rats exposed to Mix-3 might have been different from that in rats exposed to the individual aldehydes because of possible differences in breathing pattern between rats exposed to the mixture and rats exposed to the separate chemicals. Such effects of differences in breathing and airflow pattern on the deposition site of inhaled chemicals have been suggested and documented (Mautz et al, 1988; Morgan and Monticello, 1989; Reuzel etal., 1990; Morgan et al, 1991; Kimbell et al, 1993) .
No dose addition is expected to occur upon exposure to combinations of these aldehydes at exposure levels slightly below or around the MOEL because the nasal changes seen after exposure to 0.25 ppm acrolein, Mix-1 (1.0 ppm formaldehyde + 0.25 ppm acrolein), or Mix-2 (1.0 ppm formaldehyde + 0.25 ppm acrolein + 750 ppm acetaldehyde) were very similar. Clearly, as far as nasal histopathological changes are concerned, neither dose addition nor potentiating interactions (supra-additivity) will occur at exposure concentrations below the MOEL; this may even be true if the exposure level of one of the aldehydes (in this case acrolein) is at the MOEL.
With respect to cell proliferation of the nasal epithelium the established MOELs of formaldehyde and acrolein (3.2 and 0.25 ppm, respectively) are in accordance with findings of Roemer et al. (1993) who reported exposure to 2 ppm formaldehyde or 0.2 ppm acrolein for 3 days to be levels at which cell proliferation measured with BrdU incorporation was significantly increased compared to controls. Monticello et al (1991) reported 2 and 6 ppm formaldehyde to be the NOEL and MOEL for 4 days exposure to formaldehyde, respectively. A remarkable finding was the high labeling index found after exposure to Mix-2 (1.0 ppm formaldehyde + 750 ppm acetaldehyde + 0.25 ppm acrolein, particularly in comparison with that observed in rats exposed to Mix-1 (1.0 ppm formaldehyde + 0.25 ppm acrolein). This considerable difference between the two mixtures indicates a strong potentiating interaction between formaldehyde, acrolein, and acetaldehyde with a presumable key role for acetaldehyde applied at a concentration just below the MOEL. However, this conspicuous observation was supported neither by the standard histopathological examinations which showed similar nasal effects in Mix-1-and Mix-2-exposed rats nor by the results of the biochemical studies, which did not give GPx ± 4 + 3** + 2** ± 4 ± 10 ± 14 ± 9 ± 2 ± 3 ± 7
-+-4** ± 6** any clue with respect to a possible key role for acetaldehyde in the nasal effects of Mix-2. Therefore, we feel that the finding of an unexpectedly high labeling index in Mix-2-exposed rats with a possible key role for acetaldehyde needs verification (or falsification) in further studies before firm conclusions can be drawn. Apart from this, overall cell proliferation data did not suggest clear dose addition of combined exposure to these aldehydes, provided the exposure concentrations were below or near the MOELs. Moreover, these data were in good agreement with the histopathological findings. This study shows that there is a good correlation between BrdU incorporation and PCNA expression. PCNA was shown to be a more sensitive parameter for studying cell proliferation of the nasal epithelium. The difference in ULLIs between PCNA and BrdU can be attributed to the fact that BrdU incorporation will result in an accumulation of proliferating cells, whereas PCNA staining is a random indication of the cell proliferation rate, which is highly dependent on the half-life of the PCNA protein (Bravo and MacDonald-Bravo, 1987) . It is also known that such a difference is related to the Gl and G2-M phase traversing cells, which are identified by the PCNA antibody but not by the BrdU method (Dietrich, 1993) . The good correlation between BrdU and PCNA as an indicator for cell proliferation did not hold for the nasal septum. Compared to other parts of the nose (maxillo-and nasoturbinates and lateral wall), the ULLIs for the nasal septum seen upon exposure to the different test atmospheres were commonly higher at cross level II when measured with PCNA than when measured with BrdU. It has been shown that PCNA levels will be elevated with increased unscheduled DNA synthesis (Stivala et al., 1993; Toschi and Bravo, 1988) , as well as with increased cell proliferation (Dietrich, 1993) , and therefore the differences found in this study might be explained by differences in DNA repair capacity between the transitional epithelium and the normal ciliated epithelium.
Differences in various sites of the nose at cross level II as shown in this study are in line with those reported for formaldehyde exposures by Monticello et al. (1991) , who also observed differences in [ 3 H]thymidine incorporation after 1 and 4 days of exposure (6 hr/day) to 6 ppm formaldehyde for different parts of the respiratory epithelium (i.e., septum, lateral wall, and turbinates).
Exposure to acrolein for 4-6 hr has been shown to result in decreased levels of NPSH in affected tissues (Lam et al., 1985; Walk and Haussmann, 1989) . Our results show slightly decreased levels of NPSH after a 6-hr exposure period. Three days of exposure to acrolein as well as to formaldehyde, acetaldehyde, and mixtures of aldehydes resulted in increased levels of sulphydryl groups, which indicates that nasal epithelium is able to adapt to (a potential) sulphydryl depletion.
The results did not indicate a major role for FDH and ADH induction in the biotransformation of the aldehydes studied. This is in line with the results of Cassee and Feron (1994) and of Casanova-Schmitz et al. (1984) , who did not observe any induction of formaldehyde or nonspecific aldehyde dehydrogenases after exposure of rats to formaldehyde or acetaldehyde. Nevertheless, acrolein resulted in decreased ADH activity, which is in concordance with results published by Mitchell and Petersen (1987) , who reported acrolein to be a potent rat liver ADH inhibitor. Low intracellular concentrations of formaldehyde are metabolized by FDH rather than ADH, and thus the suppressive effects of acrolein (or Mix-2 or Mix-3) will not have a major effect on formaldehyde detoxification. It has been speculated that low ADH activity, as measured by histochemical analysis, is associated with increased sensitivity to aldehydes in different sites of the nose (respiratory and olfactory epithelia) (Bogdanffy et al., 1986; Keller et al., 1990) ; the role of the ADH in vivo with respect to the metabolism of exogenous aldehydes in the nose has, to our knowledge, never been extensively studied. Therefore, mechanistic studies are needed with short-term exposures to elucidate the role of ADHs.
The decreased activities of GST and GR after 3 days of exposure to mixtures of aldehydes (Mix-2 and Mix-3) can probably be attributed to the presence of acrolein. The absence of induction of these enzymes might indicate that GST and GR are not involved or that the basal rate is sufficient for the detoxification of these aldehydes. The increased GPx activities of groups exposed to a cytotoxic concentration of (mixtures of) aldehydes reflects the histopathological findings and are caused by lipid peroxidation products generated through metabolism of aldehydes (Kera et al., 1988; Albano et al., 1994) . It has also been shown that cellular depletion of GSH by acrolein gradually accumulated lipid peroxides in an in vitro test system (Watanabe et al., 1992) , but no NPSH depletion has been observed in the present study. The induction is considered to be a result of cytotoxicity rather than a defensive mechanism to prevent this action.
The results do not imply dose addition for formaldehyde, acetaldehyde, and acrolein with respect to the GST, GR, FDH, and ADH around the MOEL because most effects of Mix-3 were very similar to those of 0.67 ppm acrolein, and no additional effect of formaldehyde or acetaldehyde is expected to occur. In fact, the effect of combined exposure to formaldehyde (3.2 ppm), acetaldehyde (1500 ppm), and acrolein (0.67 ppm) on GPx activities and NPSH levels in respiratory epithelium seems to be infra-additive compared to Mix-3: summation of the effects of the single compounds is different from the effect of Mix-3 on GPx. Since there is a lack of data with respect to induction of biotransformation enzymes and sulphydryl levels after exposure to xenobiotics in nasal respiratory epithelium, it is not obvious whether maximum levels are reached for these parameters, which could explain the infra-additivity.
In conclusion, histopathological changes and cell proliferation of the nasal epithelium induced by mixtures of the three aldehydes appeared to be more severe and more extensive in both the respiratory and the olfactory parts of the nose than those observed after exposure to the individual aldehydes at comparable exposure levels, although most parameters measured in this study showed infra-additive effects of combined exposure to aldehydes, with the exception of acetaldehyde at a no-effect level (750 ppm). Changes in deposition of inhaled substances caused by coexposure to other compounds is an unexplored phenomenon. Identification and characterization of factors that influence the distribution of nasal lesions are important when attempting to estimate potential human health risks incurred through exposure to mixtures using data obtained in laboratory animals. Overall, the present findings suggest that combined exposure to these aldehydes with the same target organ (nose), and exerting the same type of adverse effect (nasal irritation/cytotoxicity), but with partly different target sites (different regions of nasal mucosa), is not associated with increased hazard compared to exposure to the individual chemicals, provided the exposure levels are around or lower than NOELs.
